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A  rotating  analyzer  method  has  been. developed  for  rapid  measurement 
of  the  ellipticity  of  polarized  light  as  produced  by  optically  birofringent 
materials.  A  plane  optical  analyzer,  in  the  form  of  a  Glan-Thompson  prism, 
is  placed  in  the  light  path  ahead  of  an  electrical  photodetector  and  is 
continuously  rotated  on  an  axis  coincident  with  the  light  path.  For  light 
having  either  constant  or  slowly  varying  ellipticity,  this  leads  sinusoidally 
time  varying  electrical  signals  which  bear  a  simple  relationship  to  the  eccen¬ 
tricity  and  orientation  of  the  ellipticity.  In  application  to  the  Kerr  effect, 
the  ellipticity  results  from  passage  of  circularly  polarized  light  through  the 
Kerr  cell.  For  sinusoidally  time  varying  electric  fields  applied  to  the  Ken- 
cell,  the  optical  retardation  of  the  cell  contains  both  steady  and  alternating 
components .  These  components  are  separated  in  the  frequency  structure  of 
the  electrical  photoresponse.  In  this  application  the  method  may  be  used  to 
discriminate  against  effects  of  light  intensity  fluctuations  and  small  residual 
birefringence  in  windows.  This  permits  measurement  of  the  Kerr  effect  in 
materials  having  very  small  Kerr  constants.  •;/ 
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.  ABSTRACT 


A  rotating  analyzer  method  has  been  developed  for  rapid  measurement 
of  the  ellipticity  of  polarized  light  as  produced  by  optically  birefringent 
materials.  A  plane  optical  analyzer,  in  the  form  of  a  Glan-Thompson  prism, 
is  placed  in  the  light  path  ahead  of  an  electrical  photodetector  arid  is 
continuously  rotated  on  an  axis  coincident  with  the  light  path.  For  light 
having  either  constant  or  slowly  varying  ellipticity,  this  leads  to  sinusoidally 
time  varying  electrical  signals  which  bear  a  simple  relationship  to  the  eccen¬ 
tricity  and  orientation  of  the  ellipticity.  In  application  to  the  Kerr  effect, 
the  ellipticity  results  from  passage  of  circularly  polarized  light  through  the 
Kerr  cell.  For  sinusoidally  time  varying  electric  fields  applied  to  the  Ken- 
cell,  the  optical  retardation  o.c  the  ceil  contains  both  steady  and  alternating 
components.  These  components  are  sep? rated  in  the  frequency  structure  of 
the  electrical  photoresponse.  In  this  application  the  method  may  be  used  to 
discriminate  against  effects  of  light  intensity  fluctuations  and  small  residual 
birefringence  in  windows.  This  permits  measurement  of  the  Kerr  effect  in 
materials  having  very  small  Kerr  constants . 
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Introduction 


The  optica?  birefringence  of  a  material  sample  is  usually 
characterized  by  the  orientation  angle  of  the  optical  axes  and 
the  magnitude  of  the  difference  between  the  optical  indices  of 
refraction  for  these  axes.  If  the  birefringence  is  constant 
in  time,  then  measurements  of  these  properties  may  be  accomplished 
by  a  variety  of  schemes  in  which  visual  null  indications  or 
intensity  matching  methods  are  employed.  [1,2, 3,4].  These  methods 
generally  require  precise  mechanical  orientation  settings  of 
polarizing  and  analyzing  elements  for  each  measure  Kent.  While 
high  precision  may  be  achieved,  such  methods  are  not  suitable 
for  rapid  measurement  as  required  for  time-dependent,  dynamic 
birefringence . 

Time-dependent  optical  birefringence  occurs  in  systems 
designed  for  analysis  of  kinetic  processes.  These  include  the 
streaming  birefringence  in  a  Couette  system  when  flow  is  suddenly 
stopped  [5],  dynamic  birefringence  of  a  thin  fluid  layer  is 
oscillatory  and  stopped  flow  [6],  strain  induced  birefringence  in 
solids  [7]  and  electro-optical  systems  for  measurement  of 
the  Kerr  effect  for  oscillatory  fields  [8,9].  dome  methods  which 
are  suitable  for  dynamic  birefringence  have  been  described  [10] 
for  the  special  case  of  fixed  optical  axis  orientation.  The 
need  then  remains  for  a  method  of  simultaneous  and  continuous 
measurement  of  both  magnitude  of  birefringence  and  optical  axis 
orientation  for  dynamic  conditions. 


A  new  method  of  measurement  of  optical  birefringence  has 
now  been  developed  which  utilizes  a  continuously  rotating  plane 
optical  analyzer  followed  by  a  suitable  electro-optical  detector. 
The  resulting  electrical  signal  may  be  rapidly  analyzed  by 
standard  techniques  of  electrical  measurement  to  give  instantaneous 
Indications  of  both  the  magnitude  of  birefringence  and  optical 
axis  orientation.  This  method  also  gives  a  high  degree  of 
descrimlnation  against  complications  due  to  variations  in  back¬ 
ground  optical  intensity.  These  features  have  been  examined  in 
depth  as  they  apply  to  measurements  in  a  Kerr  system  with 
oscillatory  electric  fields. 

Principle  of  Measurement 

The  principle  of  measurement  is  illustrated  in  Figure  1. 
Monochromatic  circularly  polarized  light  of  wavelength  X  is 
transmitted  through  the  birefringence  to  be  measured.  The  orienta¬ 
tion  of  the  optical  axes  m  and  n  with  respect  to  a  reference 
direction  is  specified  by  the  angle  ¥.  Right  circular  light 
becomes  elliptically  polarized  on  transmission  through  the 
birefringent  plate,  of  thickness  L.  The  elliptically  polarized 
light  then  passes  through  a  plane  analyzer  which  is  mechanically 
rotating  at  constant  angular  velocity,  0,  and  is  finally  received 
by  an  electro-optic  photodetector  such  as  a  photomultiplier  tube. 

In  the  event  the  birefringence  is  zero,  the  voltage;  out  of  the 
photomultiplier  is  constant  as  the  rotating  analyzer  revolves 
over  the  contour  of  the  circular  light.  With  birefringence 
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and  elliptical  light  the  photovoltage  becomes  sinusoidally  time 
varying,  producing  two  cycles  for  each  revolution  of  the 
analyzer.  As  the  analyzer  direction  coincides  with  one  of  the 
optical  axes  the  photovoltage  is  instantaneously  at  the  level 
for  circular  light.  At  orientations  45  degrees  to  the  optical 
axes  the  photovoltage  reaches  its  maximum  or  minimum  value. 

An  optical  system  of  this  general  configuration  has  been 
previously  analyzed  [10]  for  right  circular  light  incident  upon 
a  plane  analyzer  having  a  fixed  orientation  angle  If  this 

analyzer  is  rotating,  0A  =  fit,  and  the  photodetector  output 
voltage  is 

e=e  [1  -  sin  6  sin  2  (0.- 'll)] 
o  a 

=  e  [1+  sin  6  sin  2  (0t+  'll)] 
o 

where 

6  =  (2tt/x)  An  L 

where  (,  is  the  optical  retardation  and  An  is  the  difference 
between  the  optical  indices  in  the  n  and  m  directions. 

An  =  n  -  n  .  ( o ) 

n  m  '  > 

It  is  seen  that  if  6  is  a  constant,  then  this  represents  a  signal 
at  a  radian  frequency  20,  phase  2Y,  and  of  amplitude  emax  =  eQ  sin  6 
superimposed  upon  a  constant  voltage  eQ.  For  small  retardations 
the  approximation  sin  6=6  holds  and  the  birefringence  is 
given  by 


(la) 

(lb) 

(2) 


riWTrtaw 


He»ftrwm-xeirp 
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An  a=  (\/2ts  £)  (e  /e  }. 

max'  o; 


(4) 


Thus,  from  measurement  of  e  and  e^  the  (sin  6  =  e  QV/e,J 

niaA  O  fflaX  O 

may  be  determined,  and  for  small  retardations,  the  birefringence. 
An,  is  given  by  (4).  The  angle  Y  specifying  the  orientation 
of  the  optical  axes  is  given  by  the  phasing  of  the  alternating 
component,  the  time  reference  for  this  being  established  by  the 
crossing  of  the  analyzer  axis  with  the  reference  direction  as 
shown  in  Figure  1. 

The  principle  of  measurement  is  illustrated  in  Figure  2. 

The  figure  is  derived  from  a  cathode  ray  oscillograph  presentation 
using  apparatus  to  be  described  subsequently.  In  this  case  a 
quarter-waveplate,  6  =  tt/2  radians,  was  inserted  in  the  light 
path  and  th  sine  wave  recorded.  Also  shown  is  a  simultaneously 
recorded  %  jj^e,  event  r,  which  marks  the  coincidence  of  the 
analyzer  direction  with  the  reference  direction.  The  horizontal 
trace  ct  the  level  eQ  is  the  background  for  circular  light  as 
obtained  with  the  waveplate  removed.  The  events  n  and  m  correspond 
to  coincidences  of  the  analyzer  direction  with  the  optical  axes 
n  and  m  respectively.  The  angle  Y  is  the  angle  between  the 
event  r  for  which  fit  =  0  and  the  event  n  for  which  Qt  =  -Y.  A 
waveplate  having  accurately  known  positions  of  fast  and  slow 
axes  is  convenient  for  use  in  instrument  calibration  of  both  Y 
and  the  sign  of  the  birefringence. 

The  features  of  the  voltage  traces  of  Figure  2,  emax  and  Y 
may  be  continuously  monitored  to  follow  changes  in  retardation 
6  and  optical  axis  orientation  versus  time.  The  time  resolution 
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Figure  1:  Optical  system  on  which  the  principle  of  measurement  is  tvsed. 
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Figure  2: 


PhotovoitEige  e  versus  analyzer  rotation  angle,  (nt) 
for  a  quarter  waveplate  Inserted  as  the  birefringence. 
Events  n,  r,  and  m  mark  the  coincidence  of  the  analyzer 
3  °n  wit^  n  optical  axis,  the  reference 
direction,  and  the  m  optical  axis  respectively. 


attainable  is  dependent  upon  the  period  of  rotation  of  the 
analyzer  and  the  response  time  characteristics  of  the  instru¬ 
mentation  used.  With  more  commonly  used  analog  instruments  which 
require  several  cycles  of  signal  to  develop  a  reading,  the 
response  time  may  be  of  the  order  of  one  second.  Correspondingly 
this  limits  the  measurement  to  slowly  varying  birefringences. 

The  rotating  analyzer  method  is  useful  in  its  tendency  to 
minimize  the  effects  of  drift  in  background  light  level  upon  the 
measurement  of  retardation.  With  a  conventional  fixed  analyzer, 
the  photoresponse  is  given  by  (la),  letting  (0^-y)  =  rr/4.  In 
this  case  a  background  fluctuation,  in  amount  AeQ,  appears  as 
an  additive  to  the  light,  intensity  change  due  to  birefringence, 
eQ  sin  6.  With  the  rotating  analyzer  for  which  (lb)  applies, 
measurement  of  the  alternating  component  of  the  photoresponse 
at  the  frequency  2fi  has  an  amplitude  eQ  sin  6  with  an  additional 
component  due  to  background  drift,  AeQ  sin  6.  For  small 
retardations,  sin  6  is  small,  and  thus  the  influence  of  the  back¬ 
ground  drift  on  the  measurement  is  small  while  with  the  fixed 
analyzer  the  relative  effect  of  drift  becomes  enhanced. 
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Theory  of  Application  to  Kerr  Electro-optic  System 


The  rotating  analyzer  system  is  useful  for  analysis  of 
birefringence  due  to  a  Kerr  electro-optic  cell  for  sinu'  oidally 
time- varying  electric  fields.  By  this  method  the  sensitivity 
and  precision  of  measurement  may  be  improved  and  some  effects  due 
to  optical  absorption  in  the  cell  may  be  delineated. 

The  Kerr  cell  occupies  the  position  of  the  birefringence 
shown  in  Figure  1,  the  cell  path  length  being  L.  Let  the  electric 
field  be  directed  along  the  n  axis.  The  form  of  the  optical 
birefringence  of  the  cell  has  been  previously  described  [8,9] 
as  containing  a  steady  component  plus  an  alternating  component 
at  twice  the  frequency  of  the  electric  field.  Using  eq.  (2), 
this  birefringence  gives  an  optical  retardation 


6=6+6,.  cos  (2u)t  -  0) 
st  alt 


where  6gt  is  the  steady  component  of  the  retardation,  6alt  is 
the  magnitude  of  the  alternating  component,  and  8  is  the  phase, 
these  factors  being  characteristic  of  the  material  filling  the  Kerr 
cell.  The  radian  frequency  of  the  electric  field  is  id. 

The  photovoltage  response  for  the  retardation  [5]  is  found 
by  substitution  into  (l).  This  gives 


e  =  eQ+  e^sin  [6^  6^  cos  (2u)t-  8)]  sin(20t+  2<j() .  ^ 


The  character  of  the  Kerr  effect  is  that  6  is  generally  proportional 
to  the  square  of  the  electric  field  in  the  material  for  moderate 
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field  strengths  and  it  vanishes  as  the  field  vanishes 
in  which  case  the  photoresponse  becomes  e  .  With  6/0,  the 
photoresponse  is  seen  in  (6)  to  contain  the  sinusoidal  term  at 
the  radian  frequency  20.,  but  with  amplitude  being  also  time 
dependent  at  the  frequency  2u).  This  leads  to  a  spectrum  of 
frequency  components.  The  exact  analysis  of  these  components  is 
not  carried  out  here  since  the  primary  concern  is  with  smaller 
re  tarda tions . 

Equation  (6)  may  be  rewritten  as 

e  =  e  4- e  {sin  6  cos  [6  cos  (2wt -  9)] 
o  o  st  alt 

(7) 

+  cos  6  sin  [6  cos(2u>t  -  0)] }  sin  (20t+  2ty) . 
st  alt 


The  approximation  to  smaller  retardation  here  centers  upon  the 
6altJ  whlch  ls  generally  less  than  6  t  [8,9].  As  a  first  step 
in  the  approximation  the  square  and  cube  terms  in  the  Taylor 


series  expansion  of  the  cosine  and  sine  functions  of  6Qlt 


are 


employed.  In  this  case,  (7)  becomes  for  6alt  <  0.5  rad. 


e  -  e  +  e  {sin  6  (l  -  6  \  /4) 
oo  st  alt 

+  C0S  6st(6alt~  6a3lt/8)cos(2u,t~  e) 

-  (1/4)  sin  6st  cos(4u)t  -  29) 

-  (1/24)  cos  6st  6a3lt  cos(6<ut-36)}  sin  (2nt+2^). 


(8) 
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Further  expansion  of  (8)  leads  to  seven  frequency  components 
plus  the  constant  term  e  .  Each  of  the  components  may  be  expressed 
in  the  form  A  sin(  vt  +0).  Table  I  gives  the  resulting  component 
desorptions . 


Table  I 

Amplitude  A  and  phase  0jof  alternating  components  of  the 
photoresponse  for  6  ^  <  0.5  rad. 


v  rad/sec  A 

an  e0  sin  8st(l  - 

20  +  2(1)  (l/2)e0  cos  6sfc(^alt  -«aV8> 

an±4«  (l/8)e0  sin  «st  «f|t 

20  +  6(1)  (l/48)e0  cos  $st  fi^lfc 


0 

2  Y 

2Y  +  0 
2Y  +  29  +  TT 
2Y  +  36  +  tt 


1 


r 


A  still  more  stringent  approximation  to  small  retardations 
is  the  case  where  sin  6  ~  6  where  6  is  as  defined  in  (5). 
Equation  (6)  then  leads  immediately  to  the  photoresponse  for 
6  <0.2  rad, 

e  -  e  +  e  6  sin  [20t+  2i|i] 
o  o  st 

+  (1/2)  e^  6  [sin  [2(0  +  id)  t+  -  0]  (9) 

+  sin  [2(0- (d)  t+  20+  0]). 

In  this  case  the  photoresponse  is  seen  to  contain  only  the 
constant  component  eQ  plus  three  alternating  components  at  the 
radian  frequencies  20,  2(0+u>),  and  2(o-w).  The  amplitude  of  the 


2ft  component  Is  determined  by  6  ,  while  the  2(ft+uu)  components 

o  L 

are  determined  by  Salt-  Thus  in  this  limiting  case  the  effects 
of  the  retardations  6  ^  and  6  ^  are  simply  separated  in  the 
frequency  domain. 

It  is  found  that  the  background  illumination  of  circularly 
polarized  light  transmitted  by  a  macromolecular  solution  in  a 
Kerr  cell  may  change  on  application  of  the  electric  field.  This 
is  observed  with  the  optical  analyzer  removed  from  the  apparatus 
and  thus  is  not  due  to  birefringence  or  dichroism.  The  back¬ 
ground  change  generally  consist  of  a  small  reduction  of  the 
steady  component  of  the  Intensity  with  an  additional  modulation 
at  twice  the  frequency  of  the  electric  field.  In  some  cases  a 
smaller  component  at  the  field  frequency  is  also  observed.  Similar 
observations  have  been  reported  for  colloids  [11]  and  liquid 
crystals  [12], 

To  a  first  approximation  the  influence  of  these  light 
modulation  effects  on  the  photoresponse  may  be  described  by 
replacing  the  constant  eQ  by  a  field  dependent  e^,  where 

eo  =  eo+  ®  cos(2u)t+  X)  (10) 

With  the  electric  field  zero,  e  becomes  zero,  and  e^  becomes  eQ. 

The  influence  of  this  modulation  on  the  photoresponse  with 
the  rotating  analyzer  system  may  now  be  determined  by  substitution 
of  (10)  into  any  of  the  foregoing  equations  for  e.  The  simplest 
case  is  that  of  (9)  for  small  total  retardation.  This  leads  to 
contributions  to  the  photoresponse  at  six  frequencies.  These 
are  giveft  in  Table  II. 
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Table  II 

Amplitude  A  and  phase  0  of  alternating  components  at  the  radian 
frequency  v  to  the  photoresponse  for  the  Kerr  effect  at  small 
retardations  (9)  and  with  light  modulation  (10). 


(rad/sec) 

A 

0 

2ou 

e 

X 

20 

eb  6st 

2Y 

•  «a«/4 

2Y-9-X 

e~  *alt/4 

2Y+0+X 

2(n+u>) 

eb  6alt/2 

CD 

1 

C\J 

e~  .st/2 

2  Y+X 

2(n-«>) 

eb  8alt/2 

2  Y+0 

•  *st/2 

2Y-X 

2(0+2tu) 

•  ‘an/'1 

2 Y-0+X 

2(0-2  u>) 

?  6alt/4 

2Y+0-X 

Comparing  tnese  frequency  components  with  those  due  to  finite 
retardations  given  in  Table  I  shows  that  both  effects  contribute 
to  some  of  the  same  components.  In  the  solution  tested  in  the 
Kerr  cell  as  to  be  described  subsequently,  it  is  found  that  e, 

(e  -e. ),  6  ,  and  6  ,  all  are  dominently  proportional  to  the 
square  of  the  electric  field  strength.  However,  the  contributions 


due  to  finite  retardations  are  an  order  of  magnitude  more 
dominent  than  the  modulation  contributions.  Hence,  this  modula¬ 
tion  is  best  measured  by  means  other  than  the  rotating  analyzer, 
for  example  by  removing  the  analyzer  from  the  light  path. 

Mention  should  be  made  of  the  possibility  of  dichroism  being 
induced  in  the  Kerr  cell  on  application  of  the  electric  field. 

With  the  rotating  analyzer  system  as  described  above,  this  could 
lead  to  an  additional  signal  which  Is  not  accounted  for  in  the 
analysis.  The  presence  of  dichroism  can  be  detected  by  use  of 
plane  polarized  light  [11,14]  oriented  alternately  parallel  and 
then  perpendicular  to  the  electric  field,  or  by  use  of  a  continuously 
rotating  plane  polarized  light  [15]. 


Apparatus  Description  and  Kerr  Effect  Measurements 


The  schematic  arrangement  of  elements  of  the  optical  system 
for  production  of  circularly  polarized  light  and  subsequent 
analysis  for  elliptic  ity  by  the  rotating  optical  analyzer  is 
shown  in  Fig.  3-  Collimated,  monochromatic  light  is  passed 
through  a  fixed  Glan-Thompson  polarizing  prism  and  two  quarter 
waveplates  which  are  mounted  to  permit  precise  rotational 
adjustment.  The  perfection  of  the  circularity  of  the  light  must 
be  much  better  than  the  ellipticity  to  be  introduced  by  the 
birefringence  to  be  measured.  It  can  be  shown  that  by  proper 
adjustment  of  the  orientation  of  the  two  waveplates,  circularly 
polarized  light  is  obtained  [13].  rfhe  perfected  right  circular 
light  then  passes  through  the  birefringent  element  to  be  measured. 
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Schematic  arrangement  for  the  production  of  circularly 
polarized  light,  and  analysis  of  polarization 
eliiptlcity  produced  by  a  birefringence.  Analysis 
is  by  the  rotating  optical  analyzer. 


Figure  3: 
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perhaps  a  Kerr  cell,  and  then  through  a  rotating  optical 
analyzer,  a  Glan-Thompson  prism.  The  prism  is  rotated  by  a 
motor  drive  at  4l  revolutions/sec.  A  small  a.c.  Induction 
motor  is  coupled  by  a  rubber  belt  to  the  precision  ball  bearing 
mounted  prism.  A  slotted  disk  which  rotates  with  the  analyzer 
is  used  to  chop  a  separate  auxiliary  light  beam.  This  beam  is 
sensed  by  a  small  solid  state  detector.  The  resulting  pulse 
serves  to  mark  the  angular  position  of  the  analyzer.  The  principal 
light  beam  is  finally  detected  by  a  photomultiplier  after  trans¬ 
mission  through  the  rotating  optical  analyzer.  Using  the  auxiliary 
light  pulse  as  a  phase  reference,  the  photovoltage  from  the 
photomultiplier  may  be  analyzed. 

As  the  system  is  applied  to  Kerr  effect  measurements,  other 
features  of  the  apparatus  are  of  note.  The  light  source  used 
is  a  low  voltage  tungsten  filament  bulb  with  internal  reflector. 
This  is  focused  on  a  small  aperture,  approximately  0.7  mm  square, 
the  image  of  which  is  formed  in  the  optical  region  of  the  Kerr 
cell  by  a  converging  .lens.  An  optical  interference  filter, 

'  O 

5790  A,  is  Inserted  in  the  light  beam  just  ahead  of  the  photo¬ 
detector.  Aperture  stops  are  also  located  at  the  position  of  the 
converging  lens  and  between  the  Kerr  cell  and  the  rotating 
analyzer.  These  stops  are  adjusted  to  restrict  the  light 
reaching  the  photomultiplier  to  that  passing  through  the  Kerr 
cell  without  interference  with  the  cell  walls.  The  optical 
path  in  the  cell  is  8.0  cm  and  the  cell  cross  section  is  0.32  cm 


square . 
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The  preparation  of  the  system  for  measurements  consists 
of  adjustment  of  the  waveplates  with  the  birefringence  removed 
to  achieve  perfect  circularity  of  the  light  as  indicated  by  a 
null  photovoltage  at  the  radian  frequency  2fi.  In  this  case  the 
frequency  is  82  Hz.  For  Kerr  measurements  this  is  carried  out 
with  the  Kerr  cell  in  place  but  with  no  applied  electric  field. 

A  small  adjustment  of  the  position  of  the  3/ 16  in.  diameter 
aperture  ahead  of  the  rotating  analyzer  helps  to  perfect  this 
balance.  It  is  found  that  this  null  is  very  sensitive  to  the 
voltage  at  the  tungsten  source  as  this  may  affect  its  spectral 
emission  characteristics.  This  voltage  is  regulated  to  limit 
variations  to  approximately  1  mv  in  the  6  v.a.c.  applied  to 
the  lamp. 

The  character  of  the  background  null  was  examined  using  a 
Hewlett  Packard  Model  302  wavemeter  coupled  to  an  automatic 
frequency  sweep  ranging  from  15  Hz  to  180  Hz.  fr'he  analyzer  output 
was  simultaneously  graphed  on  an  x  y  pen  recorder.  The  photo¬ 
multiplier  output  was  fed  directly  into  the  wave.neter.  This 
was  done  with  a  Kerr  cell  in  place,  with  no  appii'.  1  voltage. 

The  material  filling  the  coll  was  an  aqueous  solution  of  bentonite 
at  a  concentration  of  3.55  mg/ml.  After  tracing  r.he  background, 
an  electric  field  of  1.24  V/cm  rms  at  a  frequency  u/2-rt  =  15  Hz  is  applied 
and  the  photovoltage  spectrum  is  again  traced.  These  two 
superimposed  traces  are  shown  in  Fig.  4.  The  background  trace 
(dashed  curve)  shows  small  residual  components  at  4l  Hz,  the 
rotation  frequency  of  the  analyzer,  and  at  the  ac  power  i’ne 


dependent  frequencies  60  Hz  and  120  Hz.  With  the  applied 
field  three  prominent  peaks  appear  which  correspond  to  the 
radian  frequencies  20  and  20  +  2m.  The  frequencies  are  thus  at 
82  Hz,  112  Hz  and  52  Hz.  The  instrument  sensitivity  is  such 
that  insertion  of  a  quarter  waveplate  gives  a  photovoltage  of 
620  mv  rms  at  82  Hz.  For  these  small  retardations  equation  (9) 
is  applicable  and  the  central  peak  is  of  amplitude  e  6  (peak 
volts)  and  the  two  other  peaks  are  (l/2)eQ  6  where 

eQ  =  620  x  U'rlb  =  877  mv.  So,  here  6st  =  .0082  rad.  and 
6alt  ~  rad. 

If  the  field  strength  is  increased  larger  retardation  effects 
become  evident  and  other  frequency  components  are  ound  as  in 
Table  I.  The  results  for  a  field  strength  of  35  v/cm  rms  at 
30  Hz  is  shown  in  Fig.  5.  Here  it  is  seen  that  in  addition  to 
the  three  components  of  Fig.  3*  other  components  now  begin  to 
appear  at  38  and  202  Hz  corresponding  to  (20  +  4m)  and  at  98  Hz 
corresponding  to  (20  -  6m).  Mote  the ;  in  determining  the 
frequency  components  a  negative  frequency  simply  indicates  a 
phase  shi'‘t. 

In  application  to  measurement  of  the  steady  component  of 
the  retardation  due  to  the  Kerr  effect,  attention  is  placed  upon 
the  analysis  of  the  20  component  at  82  Hz.  For  this  measure¬ 
ment,  best  results  have  been  obtained  using  a  phase  sensitive 
detector  (Princeton  Applied  Research  Model  HR8) .  For  this, 
the  disk  rotating  with  the  analyzer  is  designed  to  give  an 
82  Hz  square  wave  using  the  auxiliary  light  source  and  photo- 
dec  tor.  This  signal  then  serves  to  activate  the  reference 
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channel  of  the  phase  sensitive  detector.  The  system  is  calibrated 
by  insertion  of  a  quarter  waveplate  in  the  optical  path  at  the 
position  of  the  Kerr  cell  and  being  oriented  with  optical  axes 
coincident  with  those  of  the  Kerr  cell.  The  resulting  82  Hz 
signal  is  adjusted  in  phase  by  the  lock-in  system  and  the 
magnitude  measured.  In  removing  the  waveplate  the  system  is  finally 
adjusted  with  the  Kerr  cell  in  position  as  previously  described 
and  a  null  is  obtained  at  82  Hz.  Then,  on  application  of  the 
electric  field,  the  &  .  produces  an  82  Hz  component  which  is 
measured.  In  this  procedure,  the  background  signal  at  82  Hz  is 
held  to  less  than  10  microvolts  rms  while  a  quarter  wavelength 
retardation  gives  a  620  millivolt  rms  signal.  This  background 

e 

is  equivalent  to  a  retardation  of  1.62  x  10  rad.  For  the 
previously  described  Kerr  cell  and  optical  wavelength,  this  is 
equivalent  to  a  birefringence  An  of  1.86  x  10-1} 

The  question  arises  as  to  the  Influence  of  the  birefringence 
of  the  windows  of  the  Kerr  cell  on  measurements  done  in  the 
above  described  manner.  If  the  exit  window  has  no  birefringence, 
then  this  procedure  will  establish  that  circularly  polarized 
light  passes  through  the  Kerr  cell  when  no  electric  field  is 
present.  With  a  small  birefringence  in  the  exit  window,  and 
adjustment  of  the  quarter  waveplates  of  Figure  3  w.fl  result  in 
circular  light  at  the  rotating  analyzer  position,  but  with  the 
light  in  the  Kerr  cell  being  slightly  elliptical.  On 
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establishing  the  electric  field  in  the  Kerr  cell  the  ellipticity 
of  the  light  becomes  slightly  changed  and  a  measurable  2fi 
component,  82  Hz,  is  obtained.  The  question  is  then  whether  or 
not  this  signal  can  be  interpreted  as  being  the  eQ  6  t  which  is 
sought.  An  exact  theoretical  analysis  of  this  optical  system 
was  carried  out  and  calculations  were  made  of  the  error  due  to  the 
birefringence  of  che  exit  window.  The  results  show  that  the 
exit  window  does  modify  the  photoresponse  slightly.  For  example, 
for  a  retardation  of  1  degree  in  the  exit  window,  the  maximum 
error  introduced  in  the  measured  Kerr  retardation,  6st,  is  0.015 
percent  for  6  ^  ranging  from  1  to  40  degrees.  Thus,  for  windows 
of  small  retardation,  the  measurement  error  is  negligible,  even 
for  cases  where  the  retardation  to  be  measured  is  comparable  to 
that  of  the  window. 

It  has  been  noted  that  the  rotating  analyzer  method  is 
effective  in  diminishing  undesirable  effects  of  background  level 
changes  in  e  .  To  illustrate  this  effect  the  Kerr  cell  was  filled 
with  an  aqueous  bentonite  solution  having  a  concentration  of 
175  Pg/ml.  The  solution  resistivity  was  adjusted  to  1506.  ohm-cm 
at  1  kllo-Hz  by  addition  of  NaCl.  Then  an  electric  field  at 
20  Hz  and  of  intensity  22.  v/cm  rms  was  applied  for  approximately 
33  seconds.  The  optical  response  was  measured  by  three  methods, 
the  results  of  v.'hich  are  shown  in  Fig.  6.  In  all  cases  right 
circular  light  is  incident  upon  the  Kerr  cell.  In  the  first 


FIELD 

ON 


-440 

eb 

mv,  dc 

-450 


-430 

5  steady 
mv,dc 

-440 


-450 


FIELD 

OFF 

\* 


mv,  peak 


TIME,  sec. 


Figure  6:  Photoresponses  for  a  175  ug/ffll  bentonite  solution  for 
a  33  second  burst  of  a  20  Hz  field  of  22.  v/cm 
in  the  Kerr  cell.  Trace  A  Is  the  background  with  the 
analyzer  removed;  B  is  the  steady  response  due  to 
birefringence  with  a  fixed  optical  analyzer  in 
position;  C  is  the  2  (7  component  when  the  analyzer 
rotates  at  the  frequency  ft. 


23 

case,  the  steady  component  of  the  background  intensity  was 
recorded  on  application  and  cessation  of  the  field  (trace  A). 

The  photomultiplier  output  was  adjusted  to  the  approximate 
-J|50  mv  level.  This  is  a  trace  of  e^  as  it  enters  into  (10). 

The  small,  rapid  change  in  e^  is  here  obscured  by  the  much 
slower  superimposed  drift.  Next,  a  fixed  plane  optical  analyzer 
is  placed  after  the  Kerr  cell,  the  analyzer  direction  being 
oriented  at  A50  to  the  electric  field,  and  the  steady  component 
of  the  photoresponse  is  recorded.  Figure  6  (trace  R)  shows  the 
rapid  upward  step  on  application  of  the  electric  field  due  to 
the  birefringence.  This  Is  followed  by  the  drift  in  background 
which  has  an  adverse  effect  on  precise  measurement  of  the 
birefringence.  Finally,  thu  analyzer  is  set  into  rotation  at  the 
frequency  ft  and  the  2ft  component  resolved  by  the  wave  analyzer 
as  previously  described.  Figure  6  (trace  C)  shows  the  response 
by  this  method.  It  is  seen  that  the  drift  of  the  traces  A  and 
B  has  been  relatively  suppressed  since  the  response  is  proportional 
to  e^  In  which  the  drift  is  only  a  minor  fraction.  Thus  it  is 
seen  that  the  rotating  analyzer  method  tends  to  suppress  the 
significance  of  these  drift  problems  in  measurement  of  the  steady 
component  of  the  retardation  introduced  by  the  Kerr  cell. 

The  character  of  'one  results  of  measurement  of  the  frequency 
dependence  of  the  steady  component  of  the  retardation  as 
determined  from  t!  2ft  component  of  the  photoresponse  with  the 
rotating  analyzer  is  shown  in  Fig.  7-  These  are  results  for 
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Figure  7:  Steady  component  of  the  Kerr  response,  as  represented 
by  e2Q  versus  field  frequency.  The  solution  is 
bentonite  in  water  at  a  concentration  of  3.55  mg/ml. 
The  electric  field  strength  is  1  v/cm  rms.  Note  that 
the  sensitivity  is  such  that  a  quarter  wavelength 
retardation  will  give  a  signal  of  620  mv  rms.  The 
dashed  curves  are  the  steady  component  (e|j-e0)  and 
alternating  component  e  of  the  rapid  change  in  the 
light  intensity  on  application  of  the  field. 
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an  aqueous  bentonite  solution  of  concentration  3<55  mg/ml 
and  having  a  resistivity  of  1230  ohm-cm  at  1  kilo  Hz. 

Plotted  is  the  signal  voltage  egQ  in  mv,  rms  versus  the 

frequency  of  the  electric  field,  w/2n.  This  is  the  response 
for  a  field  strength  of  1  volt/cm,  rms.  The  retardation  under¬ 
goes  a  change  of  sign  near  120  Hz,  going  from  negative  to 
positive  with  increasing  frequency.  Also  shown  as  dashed  lines 
are  the  steady  component  (e^_e0)  and  alternating  (2m)  component 
e  of  the  background  light  intensity.  In  this  case  these  rapid 
intensity  changes  are  small  compared  to  the  signal  due  to  the 
birefringence.  It  is  to  be  noted  that  the  (e^-e  )  represents  a 
reduction  of  light  intensity  on  application  of  the  field. 

Conclusions 

By  the  Introduction  of  the  rotating  plane  analyzer  in  front 
of  a  photodetector  and  in  the  path  of  elllptlcally  polarized  light, 
a  photoresponse  is  obtained  which  consists  of  a  periodic  electrical 
signal.  If  the  ellipticity  of  the  light  is  constant,  then  the 
principal  axes  of  the  ellipse  and  its  eccentricity  are  directly 
related  to  the  phase  and  amplitude  of  the  sinusoidal  photoresponse 
and  measurement  of  the  ellipticity  is  thus  reduced  to  an  electrical 
measurement.  When  the  ellipticity  of  the  light  is  due  to 
passage  of  circularly  polarized  light  through  a  Kerr  electro¬ 
optic  cell  which  is  activated  by  a  sinusoidally  time-varying 
electric  field,  then  the  rotating  analyzer  method  leads  to 
photoresponses  which  are  simply  related  to  both  the  steady  and 


alternating  components  of  the  retardation  of  the  cell.  These 
two  components  are  separated  in  the  frequency  domain  of  the 
photoresponse.  A  measurement  procedure  utilizing  light  having  a  polarization 
which  is  very  nearly  circular  almost  eliminates  error  due  to 
birefringence  of  the  Kerr  cell  windows.  In  general,  the  rotating 
analyzer  method  discriminates  against  the  adverse  effects  of 
changes  of  overall  light  intensity. 
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